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Summary

Tumour-associated macrophages (TAMs) represent a predominant popu-

lation of inflammatory cells that present in solid tumours. TAMs are

mostly characterized as alternatively activated M2-like macrophages and

are known to orchestrate nearly all stages of tumour progression. Experi-

mental investigations indicate that TAMs contribute to drug-resistance

and radio-protective effects, and clinical evidence shows that an elevated

number of TAMs and their M2 profile are correlated with therapy failure

and poor prognosis in cancer patients. Recently, many studies on TAM-

targeted strategies have made significant progress and some pilot works

have achieved encouraging results. Among these, connections between

some anti-tumour drugs and their influence on TAMs have been

suggested. In this review, we will summarize recent advances in TAM-

targeted strategies for tumour therapy. Based on the proposed mecha-

nisms, those strategies are grouped into four categories: (i) inhibiting

macrophage recruitment; (ii) suppressing TAM survival; (iii) enhancing

M1-like tumoricidal activity of TAMs; (iv) blocking M2-like tumour-pro-

moting activity of TAMs. It is desired that further attention be drawn to

this research field and more effort be made to promote TAM-targeted

tumour therapy.

Keywords: activation; cancer therapy; recruitment; survival; tumour-

associated macrophage.

Introduction

To develop new tumour therapies, increasing attention

has been paid to the ‘tumour microenvironment’, where

tumour cells and non-tumour cells influence each other

mutually.1 A highlight in this field is the macrophages

that present in tumour tissues, namely tumour-associated

macrophages (TAMs).2 TAMs are the main population of

inflammatory cells in solid tumours and the cytokines

released from them possess diversified significance in

tumour development.3–5 TAMs are derived from circula-

ting monocytes and differentiate within the tumour

microenvironment.6–8 Although the features of TAMs

need to be further characterized, many studies have

demonstrated that the majority of TAMs are M2-like

macrophages, with properties that differ from the M1

macrophages, which are usually present in tissue areas

with acute inflammation.3,8 TAMs generally fail to express

pro-inflammatory cytokines for T helper type 1 (Th1)

responses but are excellent producers of immunosuppres-

sive cytokines for Th2 responses.4 As TAMs generally

exhibit low antigen-presenting and co-stimulating capac-

ity, they ordinarily fail to activate T-cell-mediated adap-

tive immunity.4,7 Therefore, unlike M1 macrophages,

which are highly microbicidal and tumoricidal, the M2-

like TAMs are immunosuppressive and facilitate tumour

progression.4,7

Experimental and epidemiological studies demonstrated

that TAMs play an important role in tumour growth,

angiogenesis, metastasis, matrix remodelling and immune

evasion in various human and animal tumours.5,7–10

Recently, TAMs are ‘accused’ for their chemo-resistance

and radio-protective effects in mouse tumour models,

because an increased density of TAMs is associated with
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poor efficacy in chemotherapy,11,12 and radiotherapy-

induced macrophage aggregation is paralleled by decreased

radiocurability.13–15

Clinical studies also revealed connections between the

state of TAMs and poor outcomes of human tumours.

The density, activation and histological location of TAMs

can be used to predict patients’ survival time in different

types of cancer.16–20 For instance, an increased number of

TAMs was correlated with a shortened progress-free sur-

vival in classical Hodgkin lymphoma.16 Besides, Kurahara

et al.18 observed that a larger number of M2-polarized

TAMs correlated with increased density of lymphatic ves-

sels, high incidence of lymph node metastasis and a poor

prognosis in patients with pancreatic cancer.

Therefore, TAMs are now considered as a promising

target for tumour therapy, and reduction of their

tumour-promoting activities has become a hot study

area.21 Generally, the approaches to targeting TAMs are

by following two routes: decreasing the quantity of TAMs

in tumour tissue or shifting TAMs from tumour-promot-

ing to tumoricidal status. Although the clinical applica-

tion of a TAM-targeted approach is still far from clear, a

number of experimental studies have collectively shown

the effect of this approach on faster tumour rejection and

better therapeutic outcome,22–26 which sheds inspirational

light on further clinical studies. In this review, we will

discuss current TAM-targeted strategies for anti-tumour

therapy.

TAM-targeted anti-tumour strategies

Since the functions of TAMs largely depend on their

accumulation and activation in tumour tissues, TAM-tar-

geted anti-tumour approaches are principally based on:

(i) inhibiting macrophage recruitment; (ii) suppressing

TAM survival; (iii) enhancing M1 tumoricidal activity of

TAMs; and (iv) blocking M2 tumour-promoting activity

of TAMs. These strategies are summarized in Fig. 1.

Inhibiting macrophage recruitment

Some tumour-released and stroma-released cytokines and

chemokines facilitate the recruitment of macrophages

to tumour tissues. Therefore, inhibiting macrophage

Inhibiting macrophage recruitment

Inhibitors of CCL2/CCR2 (e.g. Yondeli and 
RS102895)

Inhibitors of M-CSF/M-CSFR (e.g. anti-M-CSF
mAb,JNJ-28312141 and GW2580)

Inhibitors of other chemoattractants (e.g. CCL5,
CXCL-12 and VEGF) and their receptors

Inhibitors of the pathways for recruitment (e.g.
inhibitors of HIFs)

TAM-targeted

anti-tumour

strategy

Suppressing TAM survival 

Chemical drugs (e.g. bisphosphonates,
dasatinib) that deplete macrophages directly
Immunotoxin-conjugated mAbs (e.g. anti-FRβ
mAb) targeting membrane molecules of TAMs
Attenuated bacteria (e.g. Shigella flexneri) that
induce apoptosis of macrophages
Agents that induce macrophages to express
molecules (e.g. legumain and CD1d) that
can be targeted by cytotoxic T lymphocytes

Blocking M2 tumour-promoting activity of TAMs

Inhibitors of STAT3 (e.g. sunitinib, sorafenib,
WP1066, corosolic acid and oleanolic acid)

Inhibitors of STAT6

Inhibitors of other M2 pathways (e.g. c-Myc,
PPAR-α/γ, PI3K, KLF4, HIFs, Ets2, DcR3,
mTOR)

Other agents (e.g. HRG, CuNG, MDXAA,
silibinin and PPZ)

Enhancing M1 tumoricidal activity of TAMs

Agonists of NF-κB (e.g. TLR agonists,
anti-CD40 mAb and anti-IL-10R mAb)

Agonists of STAT1 (e.g. interferon)

Agonists of other M1 pathways (e.g. SHIP)

Other agents (e.g. GM-CSF, IL-12 and
thymosin α1)

Figure 1. Tumour-associated macrophage (TAM) -targeted anti-tumour strategy. Since the functions of TAMs depend on their accumulation

and activation, present TAM-targeted approaches mainly concentrate on four aspects: (i) inhibiting macrophage recruitment; (ii) suppressing

TAM survival; (iii) enhancing M1 tumoricidal activity; and (iv) blocking M2 tumour-promoting activity. CCL, C-C motif chemokine ligand; M-

CSF, macrophage-colony-stimulating factor; CXCL12, C-X-C motif chemokine ligand 12; VEGF, vascular endothelial growth factor; HIF,

hypoxia-inducible factor; FRb, folate receptor b; NF-jB, nuclear factor jB; TLR, Toll-like receptor; STAT, signal transducers and activators of

transcription; SHIP, Src homology 2-containing inositol-5’-phosphatase; GM-CSF, granulocyte–macrophage colony-stimulating factor; PPAR, per-

oxisome proliferator-activated receptor; PI3K, phosphatidylinositol 3-kinase; KLF4, Kr€uppel-like factor 4; Ets2, E26 transcription-specific sequence

2; DcR3, Decoy receptor 3; TSC2-mTOR, tuberous sclerosis complex 2-mammalian target of rapamycin; HRG, histidine-rich glycoprotein;

MDXAA, 5,6-dimethylxanthenone-4-acetic acid; PPZ, proton pump inhibitor pantoprazole.
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recruitment by modulating the actions of relevant

chemoattractants has become a promising approach for

tumour therapy. As an example, C-C motif chemokine

ligand 2 (CCL2) has been taken into account, because its

over-expression was correlated with increased macrophage

infiltration and poor prognosis in human cancers,27–29

and macrophage infiltration and the growth of tumours

were reduced when CCL2 was inhibited.22,30–33 The tie

between CCL2 and M2 macrophages is particularly clear

in CCL2+ melanoma. For instance, pharmacological inhi-

bition of CCL2 with bindarit reduced tumour growth,

macrophage recruitment and necrotic tumour masses in

human melanoma xenograft.30 One of the CCL2-targeting

agents, trabectedin, has been efficiently used in clinic to

treat human ovarian cancer34 and myxoid liposarcoma.35

According to those reports, trabectedin could suppress

the recruitment of monocytes to tumour sites and inhibit

their differentiation to mature TAMs, which may contrib-

ute to trabectedin-induced tumour rejection. The associa-

tion of CCL2 with TAM recruitment was further

supported by a phase II clinical study, in which anti-

interleukin-6 (IL-6) antibody siltuximab reduced macro-

phage infiltration in tumour tissue via declining the

plasma level of some chemoattractants such as CCL2, vas-

cular endothelial growth factor (VEGF) and C-X-C motif

chemokine ligand-12 (CXCL-12).36 As an alternative way

to suppress the chemoattractive activity of CCL2, neutral-

izing its receptor, C-C motif chemokine receptor 2

(CCR2), is also challenged. One pharmacological inhibi-

tor of CCR2 (RS102895) has exhibited negative effects on

macrophage migration.37 In addition, the efficacy of two

humanized monoclonal antibodies (mAbs; CNTO888 and

MLN1202) specific for CCL2/CCR2 are under clinical

investigation (see ClinicalTrials.gov; study identifier:

NCT00537368, NCT00992186, NCT01204996, MLN1202

and NCT01015 560).

Another important chemoattractant for macrophages is

macrophage colony-stimulating factor (M-CSF). In

human hepatocellular carcinoma, there is a significant

association between high M-CSF expression and high

macrophage density, each relates to poor overall survival

of patients.17 In an M-CSF-deficient mouse model of

pancreatic neuroendocrine tumour, macrophage infiltra-

tion was decreased by ~50% during all stages of tumour

progression.38 In another experiment, treatment with

M-CSF antibody suppressed tumour growth by 40% in

human MCF-7 breast cancer xenografts.39 More recently,

two M-CSF receptor inhibitors (JNJ-28312141 and

GW2580) were found to decrease TAM count and sup-

press tumour growth, angiogenesis and metastasis.40,41 In

contrast to standard VEGF inhibition, the continuous

M-CSF inhibition did not affect healthy vascular and

lymphatic systems outside tumour sites.41 This implies

that M-CSF might be a good candidate in the therapies

aiming to inhibit macrophage recruitment or angiogene-

sis. Currently, several phase I clinical trials of M-CSF/

M-CSFR inhibitors are in the stage of recruiting patients

(see ClinicalTrials.gov; study identifier: NCT01316822,

NCT01346358, NCT01440959, NCT01444404, and

NCT01004861). These studies should provide more infor-

mation about whether or not M-CSF/M-CSFR inhibitors

are of value in cancer therapy and explore further the role

of macrophage depletion.

Other chemoattractants for macrophages, such as

VEGF, CXCL-12 and CCL5, also seem to be potential

targets for TAM depletion and tumour rejection. For

instance, selectively inhibiting VEGFR-2 reduced macro-

phage density and prevented tumour growth and angio-

genesis in orthotropic pancreatic and breast tumours.42,43

In addition, repressing either the CXCL12/C-X-C motif

chemokine receptor 4 (CXCR4) or the placental growth

factor (PIGF)/VEGFR-1 pathway reduced macrophage

count.11,44 As the tumour microenvironment is usually

hypoxic and hypoxia-inducible factors (HIFs) are tran-

scriptional activators for VEGF and CXCR4 genes45; HIFs

are naturally suggested to play a role in macrophage

recruitment. It was reported that HIF-1a deficiency

reduced macrophage density, tumour angiogenesis and

invasion in murine glioblastoma via blocking the matrix

metalloproteinase 9 (MMP9)/VEGF pathway.46 Recent

work has shown that HIF-2a mediated macrophage

migration to the tumour microenvironment partly

through regulating M-CSFR and CXCR4.47 Therefore,

HIF inhibitors may be considered as anti-tumour candi-

dates not only for their potential to inhibit angiogenesis,

but also for their effects on macrophage recruitment.

Suppressing TAMs survival

To kill TAMs locally is another approach to deplete pro-

tumoral TAMs. Two alternative strategies have been tried.

One is to directly induce macrophage apoptosis using

chemical reagents, immunotoxin-conjugated mAbs or

attenuated bacteria; the other is to trigger the immune

cells, T lymphocytes for example, to recognize and abro-

gate TAMs.

Bisphosphonates, generally packed in liposomes, have

become prominent drugs for macrophage depletion.48

Two bisphosphonates, clodronate and zoledronic acid, are

extensively used in experimental investigations. Several

lines of evidence show that clodronate has a selective

cytotoxicity to macrophages and this clodronate-induced

depletion of macrophages can result in the regression of

tumour growth, angiogenesis and metastasis.49–51 Zoled-

ronic acid is a clinical drug for cancer therapy, especially

for breast cancers. This compound selectively depletes

MMP9-expressing TAMs.23,52 Importantly, current evi-

dence indicates that zoledronic acid not only inhibits

macrophage accumulation, but also impairs the differenti-

ation of myeloid cells to TAMs and induces the tumori-
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cidal activity of macrophages.52–55 Given that zoledronic

acid can prolong survival in cancer patients,56–58 it is

important to clarify whether or not TAM depletion con-

tributes to this efficacy. In addition to clodronate and

zoledronic acid, other bisphosphonates (e.g. dichlorom-

ethylene bisphosphonate) are also under investigation for

their potential in TAM-targeted therapies.59

Dasatinib, a Src kinase inhibitor and a preclinical drug

for chronic-phase chronic myeloid leukaemia,60 is also on

the study list. As reported, dasatinib could reduce

MMP9+ macrophage density and inhibit MMP9 expres-

sion in the tumour microenvironment.61 This observation

broadened the therapeutic mechanisms of dasatinib.

To deplete TAMs by targeting their surface molecules

with immunotoxin-conjugated agents is another approach

for tumour therapy. Such studies have been conducted

for ovarian cancer treatment by using immunotoxin-con-

jugated mAbs, where the surface proteins of TAMs, such

as scavenger receptor-A and CD52, were targeted.62,63

Folate receptor b (FRb) is another surface protein worth

targeting because it is over-expressed in M2-like

TAMs,64,65 and the existence of FRb+ macrophages posi-

tively associates with high vessel density, high incidence

of haematogenous metastasis and a poor prognosis in

patients with pancreatic cancer.66 Nagai et al.64 reported

the inhibitory effects of the folate–immunotoxin conju-

gate on tumour growth, accomplished with the depletion

of TAMs. One benefit of this approach may be that while

pro-tumoral M2 TAMs could be depleted, the M1 tumo-

ricidal ones are not affected.

Recent studies demonstrate that several bacteria prefer

to take macrophages as targets. For instance, it was

reported that Shigella flexneri infection could selectively

induce the apoptosis of macrophages,67 and a single injec-

tion of an attenuated strain of Shigella flexneri to

tumour-bearing mice resulted in the apoptosis of TAMs,

followed by a 74% reduction in size of tumours.68 In

addition, other bacteria, such as Salmonella typhimurium,

Listeria monocytogens, Chlamydia psittaci and Legionella

pneumophila, are also considered to be useful for TAM-

targeted immunotherapy because they harbour primarily

in macrophages.21

Other than directly inducing the apoptosis of TAMs as

mentioned above, another available approach for TAM

suppression is to evoke acquired immune responses, in

which cytotoxic T lymphocytes act as the scavengers of

TAMs because they can naturally target the membrane

molecules of macrophages. In other words, up-regulating

the membrane molecules that could be recognized by

T cells in TAMs would be a potential method of TAM

depletion. One such molecule is legumain, a lysosomal

protease highly expressed in many human tumours;

which promotes neoplastic cell invasion and metastasis.69

Luo et al.24 originally found that legumain is over-

expressed in M2-like TAMs. In the following studies, they

immunized tumour-bearing mice with a novel legumain-

based DNA vaccine, and found that this vaccine activated

dendritic cells, which then triggered multi-step reactions

including the antigen presenting, co-stimulation of

cytotoxic CD8+ T cells and the specific abrogation of

legumain-expressing TAMs.24,70 They found in those

experiments that the macrophage density and the pro-

angiogenic factors were reduced in various tumour tissues

of vaccine immunized mice, along with attenuated

tumour growth, angiogenesis and metastasis.24,70 Given

that M1 macrophages do not express legumain, this legu-

main-based DNA vaccine may be particularly useful for

destroying M2-like TAMs. Another membrane protein

involved in T-cell-mediated TAM depletion is CD1d, a

strict target of Va24-invariant natural killer T (NKT)

cells. NKT cells are an independent factor for favourable

outcome in various human cancers.71 The earlier explana-

tion for the tumoricidal role of NKT cells emphasized the

expression of CD1d on tumour cells, such as leukaemia

and lymphoma cells.71 However, this explanation faced a

great challenge because the majority of human tumour

cells are actually CD1d-negative. How do NKT cells reject

CD1d-negative tumours? Song et al.72,73 provided an

alternative answer to this question. They stated that

TAMs were the major CD1d-positive cells co-localizing

with NKT cells in primary human neuroblastomas and

in mouse xenografts of neuroblastoma, and that TAMs

were the major targets of NKT cells in CD1d-negative

tumours. This discovery is important because it may

guide the designs of NKT-mediated immunotherapy,

alone or in combination with other standard therapies.

According to this notion, the agents that can promote the

expression of CD1d in TAMs may improve the tumori-

cidal function of NKT cells. One such agent is retinoic

acid, which can strongly up-regulate the CD1d expression

in macrophages74 and is now used as a standard thera-

peutic drug for high-risk neuroblastoma in clinic.71 How-

ever, the contribution of the NKT–TAM axis to the

effects of retinoic acid on tumour suppression needs to

be further explored.

Enhancing M1 tumoricidal activity of TAMs

Although most TAMs exhibit immunosuppressive M2-

like properties, they remain the plasticity for polariza-

tion,75 which provides a potential for TAMs to re-polarize

from tumour-promoting M2-type to tumoricidal M1-

type. It is known that the polarization of macrophages

largely depends on the local cytokine profiles. In detail,

when high levels of Th1 cytokines, such as tumour necro-

sis factor (TNF), IL-12 and interferons (IFNs), are pres-

ent, the pro-inflammatory M1 macrophages will be

established; whereas when exposed to Th2 cytokines, such

as IL-4, IL-10, IL-13 and transforming growth factor-b
(TGF-b), macrophages will polarize to M2 status.4 Until

© 2012 Blackwell Publishing Ltd, Immunology, 138, 93–10496
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now, several signalling pathways, especially the nuclear

factor-jB (NF-jB) and the signalling transducer and

activator of transcription (STAT) pathways are known

to play pivotal roles in the transcriptional profile of

macrophages.6 Among those transcriptional factors,

STAT1 and canonical NF-jB (p50p65 heterodimer) are

essential for the M1 tumoricidal functions and trigger

the expression of pro-inflammatory cytokines.6 In con-

trast, TAMs harbouring activated STAT3 and STAT6 are

not tumoricidal; instead, they exhibit M2 properties and

facilitate cancer development.21 Therefore, manipulating

these factors and their up-/down-stream regulators will

contribute to targeted tumour therapy. In this section,

we will primarily discuss the studies aiming to re-polar-

ize TAMs to M1-type. The agents used and the proteins

targeted will be outlined. Those studies for hampering

the functions of M2-like TAMs will be discussed in the

next section.

The NF-jB pathway can positively modulate the tran-

scription of Th1-response cytokines in most circum-

stances. It is known that the attenuated NF-jB activation

in TAMs mediates their immunosuppressive M2 property;

whereas NF-jB reactivation can redirect TAMs to a

tumoricidal M1-like phenotype.76 By now, several agents

with definite roles in activating NF-jB have been

reported. They include the agonists of Toll-like receptors

(TLRs), anti-CD40 mAb and anti-IL-10R mAb. The TLR

agonists are diverse, including PolyI:C (for TLR3), lipo-

polysaccharide (LPS) and monophosphoryl A (for TLR4),

imiquimod and R-848 (for TLR7), and CpG-oligo-

deoxynucleotide (CpG-ODN, for TLR9). First, PolyI:C is

a dsRNA analogy that can reverse tumour-supporting

macrophages to tumour-suppressing macrophages via

TLR3.77,78 Second, LPS is a well-known activator of the

NF-jB pathway and is important in the establishment of

the M1 phenotype of macrophages. The detoxified deriva-

tive of LPS, monophosphoryl lipid A, has also shown

promise as an adjuvant of anti-cancer vaccines.79 Clinical

trials of this drug are ongoing. Third, as a ligand for

TLR7/8, imiquimod attracts a certain amount of

attention, because it could promote the Th1 cytokine

production in antigen-presenting cells and enhance the

anti-tumour responses of lymphocytes.80,81 In a topical

therapy for cutaneous squamous cell carcinoma, imiqui-

mod polarized monocytes/macrophages to an M1 pat-

tern.82 Another agent similar to imiquimod is R-848.83

Importantly, TLR7/8 agonists can enhance the destruction

of antibody-coated tumour cells by macrophages.83

Finally, CpG-ODN draws considerable attention because

it has been widely used as an adjuvant of tumour-specific

antigen vaccines, mechanically standing on the basis that

the activation of TLR9 can up-regulate the trans-activity

of NF-jB in macrophages.84 Synthetic CpG-ODN is a

powerful compound in promoting macrophages to pro-

duce IL-12, IFN-a/b and TNF-a.85,86 Moreover, it has

been reported that the combined treatment of CpG-ODN

with other agents, such as CCL-16 and anti-IL-10R mAb,

rapidly switched infiltrating macrophages from M2 type

to M1 type, and triggered innate responses debulking

large tumours within 16 hr.87 Currently, CpG-ODN-

based therapies are in clinical trials for the treatment of

various cancers.88–93

The antibodies against the membrane receptors on the

up-stream part of the NF-jB pathway are also inspiring

for TAM modulation. One such antibody is anti-CD40

mAb. It has been reported that CD40 acts as an inhibitor

for cytotoxic function of macrophages, probably because

its ligands could inhibit the trans-activity of canonical

NF-jB, which is essential for M1 establishment and could

up-regulate genes such as CXCL12 and VEGF-C.76 In one

study, the ligation of CD40 with anti-CD40 mAb

retrieved the activity of NF-jB and induced the destruc-

tion of tumour cells.94 In another investigation, the treat-

ment with CD40 mAb resulted in the up-regulation of

MHC-II and co-stimulatory molecule CD86 in macro-

phages, and elevated serum levels of IL-12, TNF-a and

IFN-c, positively correlating with the regression of pan-

creatic carcinoma in humans and mice.95 The tumour

repression effect of anti-CD40 mAb is also attributed to

the release of CD40’s suppression effect on TLR9 because

anti-CD40 mAb promoted TLR9 to respond to CpG-

ODN in macrophages.96 In fact, the synergy of CpG-

ODN with agonistic anti-CD40 mAb reversed TAMs

toward the M1 phenotype, and augmented the apopto-

genic effects of macrophages against tumour cells.25,96

However, it should be noted that the activation of the

NF-jB pathway does not solely facilitate the M1-pheno-

type of TAMs.76 For instance, Hagemann et al.97 found

that NF-jB participated in pro-tumoral functions of

TAMs, and the inhibition of NF-jB activity significantly

re-polarized TAMs to M1 tumoricidal phenotype and

promoted the regression of mouse ovarian cancers. More-

over, TNF-a and other cytokines involved in NF-jB acti-

vation are reported to act positively in the metastasis of

certain tumours, such as Lewis lung carcinoma, and these

cytokines can protect TAMs and tumour cells from apop-

tosis.98–100 In addition, NF-jB promotes, in some experi-

ments, the transcription of HIF-1a, which in turn

promotes tumour angiogenesis.101 Hence, it is currently

still difficult to envisage a broad applicability of NF-jB
mediators to re-educate TAMs, further exploration and

evaluation are essential.

Like the NF-jB pathway, the STAT1 pathway is gener-

ally targeted to reverse TAMs to an M1 transcriptome.6

The natural agonist of STAT1 is IFN. IFN-a and IFN-b
have long been known for their anti-tumour potential

and have been approved by the US Food and Drug

Administration for treatment of several human cancers,

including hairy-cell leukaemia and AIDS-related Kaposi

sarcoma.102 Experimental studies indicate that the effects
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of IFN-a/-b on the inhibition of tumour growth is likely

to be based on targeting haematopoietic cells rather than

tumour cells per se.103 The role of IFN-c in reversing

immunosuppressive and pro-tumoral properties of

human TAMs has also been observed.104 It was proposed

that IFNs trigger the activation of STAT1 and then the

transcription of the genes encoding pro-inflammatory

cytokines, such as IL-12, nitric oxide synthase 2 (NOS2)

and CXCL-10, in TAMs.105 In this regard, IFNs and

IFN-mimics may contribute to TAM-education. However,

the STAT1 pathway, similar to NF-jB, also displays

pro-tumoral capacity in certain tumours. The presence

of STAT1-positive TAMs is associated with adverse

survival in human follicular lymphomas,106 and STAT1

deficiency enhanced IL-12-induced tumour regression by

a T-cell-dependent mechanism in murine squamous cell

carcinoma.107 Therefore, the effects of STAT1 on the

modulation of TAM properties should be carefully evalu-

ated before they come to be used in therapy.

In addition, several cytokines, whose signalling path-

ways are yet to be fully identified, are also involved in

TAM re-polarization. One such cytokine is granulocyte–
macrophage colony-stimulating factor (GM-CSF), an

adjuvant widely used in immunotherapy for human can-

cers. GM-CSF could induce M1-polarized TAMs with

IL-4low, IL-10low, arginase Ilow and NOS2high.108 Clinical

immunotherapy with GM-CSF usage has significantly

improved the outcome in patients with high-risk neuro-

blastoma, partly through the increased macrophage den-

sity.109 However, further study is needed to explore

whether and how TAM-education is responsible for this

effect of GM-CSF in human cancers. Another such

cytokine is IL-12. IL-12 can rapidly reduce tumour-

supportive activity of TAMs, concomitant with IL-12

enhanced pro-inflammatory activity of macrophages.110

The importance of TAMs in IL-12-induced tumour rejec-

tion has been highlighted in two studies.111,112 Interest-

ingly, synergy of GM-CSF and IL-12 gene therapy

suppressed the growth of orthotropic liver tumours.113 A

large number of clinical studies of recombinant IL-12

alone or in combination with other anti-tumour drugs,

such as IFN-a, IL-2 and IL-15, have been carried out (see

ClinicalTrials.gov). One factor that should be mentioned

here is thymosin-a1 (Ta1), a drug used in clinic. An

impressive amount of data reported by Shrivastava and

his colleagues reveal the benefits of Ta1 to TAM-targeted

cancer therapy.114–117 They showed that Ta1 prompted

the production of IL-1, TNF, reactive oxygen intermedi-

ates and NO in TAMs114,116 and induced M1 TAMs and

in turn prolonged the survival time of mice with Dalton

lymphoma.116,117

Finally, we would note the effects of re-polarized TAMs

on adaptive immunity. In tumour settings, macrophages

generally express low levels of MHC-II and so fail to

co-stimulate T cells.118,119 However, M1-polarization in-

ducers such as anti-CD40 mAb and IFN-c are able

to up-regulate MHC-II and other co-stimulating factors

(e.g. CD86) in macrophages, which enhances the adaptive

immune responses that are powerful for tumour rejec-

tion. In line with this, the cascade linkages among TAM

polarization, MHC-II expression, adaptive immune

responses and tumour repression should extend our

understanding of the significance of TAM re-polarization

and provide novel insight for the connection between

innate and adaptive immune responses in anti-tumour

immunotherapy.

Blocking M2 tumour-promoting activity of TAMs

In addition to inciting M1 differentiation and tumoricidal

activity, inhibiting the signals essential for M2 differentia-

tion and in turn impairing the pro-tumoral and immu-

nosuppressive profile of TAMs is another strategy in

development. In this section, we will discuss the patho-

logical role of the STAT3 pathway and STAT6 pathway in

M2-like TAM polarization, and the pharmacological

effects of the agents that inhibit these pathways. Several

other pathways and M2 targeting agents will be outlined

at the end of this section.

STAT3 is consistently active in many tumours and acts

as a negative regulator for macrophage activation and the

host’s inflammatory responses.120 When the activation of

STAT3 was blocked, either with a dominant negative var-

iant or an antisense oligonucleotide, macrophages could

increase the release of IL-12 and RANTES and reverse the

systemic immune tolerance.121 Now, some STAT3 inhibi-

tors are under investigation. For instance, a small molec-

ular inhibitor of STAT3 (WP1066) was found to reverse

immune tolerance in patients with malignant glioma,

correlating with selectively induced expressions of co-

stimulatory molecules (CD80 and CD86) on peripheral

macrophages and tumour-infiltrating microglias, and

immune-stimulatory cytokines (e.g. IL-12).122 Two clini-

cal tyrosine kinase inhibitors (sunitinib and sorafenib)

have shown their inhibitory effects on STAT3 in macro-

phages in vitro.123,124 Sorafenib can restore IL-12 produc-

tion but suppress IL-10 expression in prostaglandin E2
conditioned macrophages, indicating its effects on revers-

ing the immunosuppressive cytokine profile of TAMs.124

Moreover, two newly identified inhibitors of M2 differen-

tiation are corosolic acid and oleanolic acid. They can

also suppress the activation of STAT3.125,126 Actually,

other novel STAT3 inhibitors, such as STA-21, IS3 295

and S3I-M2001, have been found to be efficient against

tumours,127 although their association with TAM re-

polarization needs to be shown.

Another STAT family member important for TAM

biology is STAT6. In one study, STAT6–/– mice produced

predominantly M1-like tumoricidal TAMs with argi-

naselow and NOhigh, and > 60% of STAT6–/– mice rejected

© 2012 Blackwell Publishing Ltd, Immunology, 138, 93–10498
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tumour metastasis.128 Currently, at least three STAT6

inhibitors (AS1517499, leflunomide and TMC-264) have

been identified. But their actions as modulators of TAMs

remain to be clarified. Instead, several up-/down-stream

mediators of STAT6 are more impressive because they

could act as modulators of TAM function. These modula-

tors include phosphatidylinositol 3-kinase (PI3K), Src

homology 2-containing inositol-5´-phosphatase (SHIP),

Kr€uppel-like factor 4 (KLF4) and c-Myc. PI3K positively

regulates STAT6 activation in macrophages, whereas SHIP

negatively regulates PI3K. Either PI3K inhibition or SHIP

over-expression has been found to decrease the activity of

the STAT6 pathway and to reduce M2 skewing of macro-

phages.129 Therefore, the agents that are able to inhibit

PI3K or stabilize SHIP activity may be therapeutic adju-

vants for cancer. KLF4 is another interesting modulator

protein of STAT6. Liao et al.130 reported that the expres-

sion of KLF4 was induced in M2 macrophages and

reduced in M1 macrophages. Their mechanistic study

indicated that KLF4 cooperated with STAT6 to induce an

M2 pattern. Levels of KLF4 can be manipulated by

diverse agonists such as statins, resveratrol, bortezomib

and dietary compounds, so these factors could be influen-

tial for TAM re-education.130 Although still preliminary,

the association among c-Myc, STAT6 and M2 polariza-

tion has been proposed by recent studies. As reported,

c-Myc up-regulated IL-4-mediated STAT6 activation and

elevated the expression of 45% of the genes correlated

with alternative activation of macrophages.131 In contrast,

c-Myc inhibition blocked the expression of some pro-

tumoral genes.131

Other proteins and signalling pathways known to pro-

mote M2-like properties of macrophages are also the

potential targets for tumour therapy. They include per-

oxisome proliferator-activated receptor (PPARs), HIFs,

Ets family member 2 (Ets2), Decoy receptor (DcR3) and

mammalian target of rapamycin (mTOR). First, PPAR-c
can promote M2 type differentiation of human macro-

phages by acting as a transcriptional inhibitor of

NF-jB.132 PPAR-a plays a role in macrophages by antag-

onizing M1 polarization and supporting M2 polariza-

tion.133 As synthetic inhibitors of PPAR-a/c have now

been identified, the evaluation of their role in TAM-

targeted therapy is essential. Second, HIFs are a hopeful

target because of their over-expression in TAMs residing

in the hypoxic tumour microenvironment and their abil-

ity to induce the production of angiogenic factors,

including VEGF, platelet-derived growth factor-b, NOS2,
fibroblast growth factor 2, IL-8 and cyclooxygenase-2.134

In fact, macrophage-targeted depletion of HIF-1a reduced

tumour growth in mice.135 Therefore, it would be inter-

esting to see whether blocking HIFs could slow or halt

tumour recovery. Third, Ets2 is a direct effector of the

M-CSF signalling pathway, and so facilitates the forma-

tion of M2 macrophage. Zabuawala et al.136 demonstrated

that an Ets2-driven transcriptional program in TAMs

could promote the angiogenesis and metastasis of murine

breast cancer. Interestingly, an Ets2-TAM gene signature

consisting of 133 genes retrospectively predicted overall

survival of breast cancer patients.136 Investigations of

DcR3 and mTOR are also interesting.137,138

Several anti-tumour drugs that are able to suppress M2

macrophages will be introduced as follows. (i) Histidine-

rich glycoprotein (HRG): HRG can skew TAMs to M1

type by down-regulation of PIGF, a member of the VEGF

family, and can combat tumour malignancy by enhancing

immunity and vessel normalization.26 Macrophages are a

direct target of HRG; and re-education of TAMs is essen-

tial for HRG-mediated anticancer effects.26,139 (ii) Copper

chelate (CuNG): A novel CuNG was demonstrated to

modulate the cytokine profile of TAMs isolated from

chemotherapy-resistant or radiotherapy-resistant cancer

patients.140 p38MAPK and ERK1/2 are involved in

CuNG-induced IFN-c and IL-12 up-regulation, as well as

TGF-b down-regulation in TAMs.141 (iii) 5,6-Dimethyl-

xanthenone-4-acetic acid (MDXAA): MDXAA can signifi-

cantly induce the release of various immune-stimulatory

cytokines and chemokines from TAMs, followed by CD8+

T-cell infiltration and tumour rejection.142 (iv) Cisplatin:

Cisplatin promotes macrophages to produce large

amounts of NO, a reactive oxygen intermediate and pro-

inflammatory cytokines, leading to enhanced tumoricidal

activity.143 (v) Silibinin: Silibinin is now under clinical

trials. Experimental studies have shown that silibinin

inhibited the production of angiogenic cytokines and in-

terleukins in macrophages, leading to angiogenesis regres-

sion.144 (vi) Proton pump inhibitor pantoprazole (PPZ):

In addition to the ability of inducing tumour cell apopto-

sis, PPZ also affects the state of TAMs. It enhances TAM

recruitment but augments TAMs to an M1-like tumori-

cidal state.145 Although the drugs listed above show their

encouraging potential for TAM-targeted therapy, the spe-

cificity is yet to be certain. What’s more, our understand-

ing of TAM modulation is till limited, which means that

more extensive biological and pharmacological studies are

required.

Conclusion and perspective

TAMs serve as pivotal inflammatory orchestrators in the

development of various solid tumours. These immuno-

suppressive cells are closely associated with poor progno-

sis in cancer patients. Therefore, targeting TAMs

potentially offers a new approach for cancer therapy. The

recent ongoing experimental and pre-clinical TAM-

targeted studies have indeed made some encouraging pro-

gress. Since the pro-tumoral activity of TAMs largely

depends on their recruitment and activation, the present

TAM-targeted therapeutic attempts are mainly con-

centrated on four aspects: (i) inhibiting macrophage

© 2012 Blackwell Publishing Ltd, Immunology, 138, 93–104 99
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recruitment; (ii) suppressing TAM survival; (iii) enhancing

M1 tumoricidal activity of TAMs; and (iv) blocking M2

tumour-promoting activity of TAMs.

Although a number of strategies previously mentioned

in this review are not clinically available, they are feasible

at least in experimental and preclinical studies. Up to

now, many agents have been identified as candidate

drugs, either as inhibitors of macrophage accumulation

or as modulators of TAM properties. In fact, achieve-

ments in experimental investigations revealed that TAM-

targeting is essential for some already approved drugs,

which are listed in Table 1. Anyhow, using immune sys-

tem to combat cancer is a promising approach that per-

haps possesses the greatest potential to provide a cure for

cancer.146 Interestingly, melanoma and renal cell carci-

noma show the highest response rate to immunotherapies

among malignant solid tumours, which has been partly

explained by the involvement of macrophages and local

immune environment.30,123 As TAMs contribute to chemo-

resistance and radio-protective effects,11–14 TAM-targeted

strategies may also improve the efficacy of conventional

therapies in some cases. Moreover, technical advances in

TAM-targeted image and drug delivery are encouraging

for both investigators and clinicians.147–151 We would like

to believe that in the near future TAM-targeted strategy

will be clinically accepted as a valuable adjuvant therapy

for cancer patients.

However, we have come to appreciate the fact that

cancer is a systemic disease and TAMs are involved in

tumour progression through rather complex mechanisms.

TAM-targeted therapy, therefore, requires an overall

understanding about TAM functions in tumour develop-

ment. One major gap in our knowledge is why TAM

infiltration is associated with poor prognosis in many

types of cancers but with favourable survival in others.

Although a few pieces of evidence indicate the micro-

anatomical location and macrophage phenotype might be

responsible for this dichotomy,152–154 clinical evidence is

substantially lacking. Second, it would be interesting to

identify TAM-specific molecules that could serve as tar-

gets for tumour therapy, because previous identified fac-

tors (e.g. VEGF, MMPs, TGF-b and CXCL-12) important

for TAM-mediated tumour progression,3,4,7–9,75 are also

produced by cancer cells themselves. Hopefully, recent

clinical and experimental investigations have identified

several tumour-promoting molecules (e.g. CCL-18 and

IRAK-M) predominantly produced by M2 TAMs.155,156

Third, what should not be neglected is the close interac-

tion between macrophages and other stromal cells within

the tumour microenvironment. A better understanding of

those connections will contribute to TAM-targeted adju-

vant therapies. The fourth inherent issue is how to keep

the balance between ‘cancer-inhibiting inflammatory

responses’ and ‘cancer-promoting inflammatory

responses’.157,158 More biological understandings and

pharmacological approaches are needed to fill this gap of

our knowledge. Furthermore, a practical issue for devel-

oping TAM-targeted therapy is that, clinically, how

should a drug be administered at the right time and to

the right place so that the tumour-promoting TAMs could

be depleted or re-educated whereas the tumoricidal

macrophages in tumours or healthy tissues remain

unaffected. In summary, more comprehensive under-

standing of the properties of TAMs and their interactions

with the tumour microenvironment, together with

advances in diagnostic/therapeutic techniques, will be

required to facilitate the development and clinical appli-

cation of TAM-targeted adjuvant cancer therapies.
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